In ferromagnet (FM)-semiconductor (SC)-FM lateral spin-valve (LSV) devices, the nonequilibrium spin accumulation can be created in the SC layer. Because of reliable evidences, the spin accumulation in nonlocal four-terminal measurements has been investigated for understanding the spin injection, transport, manipulation, and detection in FM-SC hybrid systems. For spintronic applications with SC channels, however, the detailed physics of the spin accumulation in the SC layer detected by local two-terminal electrical measurements should be understood, which is a longstanding problem. Here we experimentally find extraordinarily nonmonotonic response of the twoterminal local spin accumulation signals in FM-SC-FM LSVs. With respect to the bias voltage applied between the two FM/SC Schottky tunnel contacts, the local spin-accumulation signal shows unexpected variations including the sign changes. A possible mechanism is discussed by considering the asymmetric bias dependence of the spin polarization at the FM/SC interfaces. The behavior can be observed up to room temperature, meaning that it is pretty important for spintronic applications to simultaneously use a low V bias condition and highly efficient spin injector and detector in FM-SC hybrid systems.
I. INTRODUCTION
Detection of a pure spin current, i.e., the flow of spin angular momentum without a charge current, with spin-precession signals in semiconductors (SCs) has been reported by measuring four-terminal nonlocal voltages [1, 2] in lateral spin-valve (LSV) devices with SC layers such as GaAs [1, 4, 5] , GaN [6, 7] , Si [8] [9] [10] [11] [12] [13] , and Ge [14] [15] [16] [17] [18] . The four-terminal nonlocal measurements [1, 2] are surely important to demonstrate reliable spin transport and to investigate spin relaxation phenomena in SCs [5, 12, [15] [16] [17] . On the other hand, the transport of spin-polarized charge currents flowing between two ferromagnets (FMs) through SC should also be understood for semiconductor spintronic applications [19] [20] [21] . To date, there have been lots of reports on the electrical detection of the transport of spin-polarized charge carriers by using local two-terminal spin-transport measurements in FM-SC-FM structures [2, 22, [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, because only a few local spin signals have been discussed by simultaneously showing a comparison with the nonlocal spin transport signals in SC-based LSVs [25-27, 30, 32] , there are some unclear physics relevant to the magnitude of the local two-terminal spin signals.
According to the one-dimensional spin diffusion models [33] [34] [35] , the magnitude of the local spin signal is twice as large as that of the nonlocal spin signal. For all metallic LSVs, most local spin signals are able to be explained by the conventional models [34] [35] [36] . On the other hand, the correlation between local and nonlocal spin signals was not straightforward in SC-based LSVs [25, 27, 30] ; Sasaki et al. and Bruski et al. showed the relatively large (4 ∼ 10 times) magnitude of local spin signals compared to the theoretical ones in Si-and GaAs-based LSVs, respectively. They have so far regarded one of the origins as an enhancement in the spin diffusion length of the SC spin-transport layers at finite bias voltages [25, 27] , where Yu et al. theoretically suggested the presence of the spin-drift effect in the nondegenerate SC layers in FM-SC hybrid systems [37] . However, because the previous study on Si [25] used strongly degenerate SC layers and the FM/MgO/SC tunnel contacts with non-Ohmic electrical properties, the effect of the bias voltage on the local spin signals remains an open question. At least, the influence of the FM/SC interfaces on detecting local spin signals should be discussed in FM-SC hybrid systems.
Here we experimentally study the magnitude of the local spin accumulation signals as a function of bias voltages applied between the two ferromagnetic contacts in FM-SC hybrid systems. In this study, we use LSVs consisting of the spin injector and detector with relatively low resistance area product (RA) and degenerate Ge as a spin transport layer, as shown in our previous works [15] [16] [17] [18] . We experimentally find extraordinarily nonmonotonic responses including the sign change of the twoterminal spin-accumulation signals with respect to the bias voltage applied between the two FM/SC contacts. These features cannot be explained by the spin-drift effect in the SC layer, discussed in previous works for Si [25] and GaAs [27] . A possible mechanism is discussed by considering the asymmetric bias dependence of the spin polarization at the FM/SC interfaces. These behavior can be observed up to room temperature, meaning that it is pretty important for spintronic applications to simultaneously use a low V bias condition and highly efficient spin injector and detector in FM-SC-FM hybrid systems.
II. EXPERIMENTAL
To explore the two-terminal local spin signals in FM-SC hybrid systems, we have prepared LSVs with an n-Ge spin-transport channel and two ferromagnetic contacts, as shown in Fig. 1(a) . First, an undoped Ge(111) layer (∼28 nm) at 350
• C (LT-Ge) was grown on commercial undoped Si(111) substrates (ρ ∼ 1000 Ωcm), followed by an undoped Ge(111) layer (∼70 nm) grown at 700
• C (HT-Ge), where we utilized the two-step growth technique by molecular beam epitaxy (MBE) [38] . Next, a 70-nm-thick phosphorous (P)-doped n + -Ge(111) layer (doping concentration ∼ 10 19 cm −3 ) was grown by MBE at 350
• C on top of it as the spin transport layer. To promote the tunneling conduction at FM/Ge interfaces, a P δ-doped Ge layer with an ultra-thin Si layer was grown on top of the n + -Ge layer [39] . We have so far developed Schottky-tunnel contacts with a δ-doping layer near the interface to obtain the tunneling conduction of electrons via FM/SC interfaces [40, 41] . As a spin injector and detector, we grew Co 2 FeAl x Si 1−x (CFAS) layers [17] on top of it by nonstoichiometric growth techniques with Knudsen cells by MBE [17, 42] . We note that a highly spin-polarized material, Co 2 FeAl x Si 1−x (CFAS), is utilized as a spin injector and detector for Ge, where CFAS is one of the Heusler alloys [43, 44] . High quality heterointerfaces between CFAS and Ge were guaranteed by direct structural observations [45] . Just like our previous works [15] [16] [17] [18] , the FM/n + -Ge contacts enabled Schottky tunnel conduction of electrons for electrical spin injection and detection. Finally, the grown layers were patterned into the contacts with a width of 0.4 µm (FM1) or 1.0 µm (FM2). The detailed fabrication processes were presented in Fig. S1 in Supplemental material [46] . Here we first fabricated two different devices named device A and device B. Device A has a channel width (w) of 5.0 µm and the edge-to-edge distance (d) between CFAS contacts is 2.0 µm, as schematically shown in Fig. 1(a) . The top view of the actual device is shown in Fig. 1(b) . On the other hand, device B has a w of 7.0 µm and a d of 0.4 µm (not shown here). As reference devices, we also fabricated device C and device D, as shown in Supplemental material [46] . To observe room-temperature signals, we further fabricated device E with the same CFAS contacts and d = 0.35 µm. As depicted in Fig. 1(a) , local and nonlocal voltage measurements were carried out in the two-and four-terminal schemes in the same device [1, 2, [33] [34] [35] [36] . In the two-terminal scheme, the spin polarized electrons are injected and extracted beneath the FM/SC contacts, leading to the nonequilibrium spin accumulation in the SC layer. The magnitude and sign of the created spin accumulation depend on the polarity of the spin polarization. 
III. RESULTS

A. Spin accumulation signals
Figure 1(c) shows a representative nonlocal spin signal (∆R NL = ∆V NL /I) of device A by applying in-plane magnetic fields (B y ) at I = −0.5 mA at 8 K. Here the negative sign of I (I < 0) indicates that the spin polarized electrons are injected into the SC layer from FM, i.e., spin injection condition via the Schottky-tunnel barrier. The value of RA for the contacts in device A is ∼200 Ωµm 2 , which is the same order as those in our previous works [16, 17] . The observed hysteretic nature depends clearly on the parallel and anti-parallel magnetization states between FM1 and FM2, as depicted in the arrows in Fig. 1(c) . In the nonlocal measurements by applying out-of-plane magnetic fields (B z ), we have also observed spin-precession signals (Hanle-effect curves), indicating reliable spin transport in the SC layer [see Fig. S2 (a) in the Supplemental material [46] ]. Using the same device (device A), we measured a local spin signal (∆R L = ∆V L /I) by applying B y in the same conditions (I = −0.5 mA at 8 K), as shown in Fig. 1(d) , where the small negative ones due to the anisotropic magnetoresistance (AMR) effect in the larger FM electrode (FM2) can be seen within ±16 mT. Although this feature cannot be observed in some cases, these AMR signals are rather proof of the formation of the antiparallel states after B y exceeds ±16 mT. Clear positive ∆R L changes (|∆R L |) with hysteretic behavior are successfully observed when B y exceeds ±16 mT, meaning that the positive |∆R L | implies a conventional spin-dependent transport of electrons through the SC layer. To verify the reliability, we also plotted minor-loop data, measured in the same condition, as a blue dashed curve. The evident minorloop means that the observed positive ∆R L changes in Fig. 1(d) are surely attributed to the spin-dependent transport of electrons through the SC layer. This is a proof of the presence of the nonequilibrium spin accumulation in the SC layer in an FM-SC-FM LSV. In addition, we obtained a Hanle-effect curve even in the local measurements by applying B z , as shown in Fig. S2 (b) in the Supplemental material [46] . As we focus on the magnitude of the local spin signal |∆R L |, the ratio of |∆R L |/|∆R NL | is ∼2.7, which is slightly deviated from the value interpreted in terms of the one-dimensional spin diffusion models [34, 35] . It should be noted that the |∆R L |/|∆R NL | value is relatively small compared to those in LSVs with Si [25, 30] and GaAs [27] .
B. Bias voltage effect on spin accumulation
To investigate the correlation between the magnitudes of local and nonlocal spin signals, we firstly explore the bias-current (I) dependence of the local spin signals as voltage changes (∆V L ). Figure 2 (a) shows ∆V L as a function of B y for device A for various I values applied between the two FM contacts at 8 K. Interestingly, we can clearly see the sign changes in ∆V L even in the same I polarity, indicating that the created spin accumulation does not depend linearly on I. To verify the extraordinary behavior in detail, we summarize the detected ∆V L values as a function of I in Fig. 2(b) . For devices A and B, there are sign changes in the same bias polarity, leading to the wave-like nonmonotonic variation in ∆V L . These wave-like behavior have never been observed in local spin transport measurements of FM-SC-FM LSVs.
In a standard theory based on the one-dimensional spin drift-diffusion in FM1-SC-FM2 systems including tunnel barriers [47] , ∆V L is increased with increasing I and the sign of ∆V L is associated with the polarity of I as follows.
where γ 1 and γ 2 are the spin polarizations of the FM1/SC and FM2/SC interfaces, r * b indicates the RA value for the FM/SC interfaces. β and r F are the spin polarization and the spin resistance of the FM bulk. λ N and r N are the spin diffusion length and the spin resistance of the SC layer, respectively. If the γ 1 and γ 2 values are constant and the spin-dependent transport of electrons through the FM1/SC/FM2 structure stems from the spin accumulation in the SC layer including FM/SC interfaces, the tendency observed in Fig. 2(b) can not be explained by the standard theory in Eq. (1) . To understand the behavior in Fig. 2(b) , we summarize ∆V L as a function of bias voltage (V bias ) applied between the two FM contacts. Figure 2 (c) displays the ∆V L values as a function of V bias , also including the wave-like behavior. Considering the correlation between ∆V L and I in Eq. (1), we can recognize that the important parameter for understanding the wave-like behavior is not I but V bias . Thus, we should take the change in the γ 1 and γ 2 values with varying V bias into account in the following sections.
C. Asymmetric bias-voltage dependence
To understand the wave-like nonlinear behavior in Figs. 2(b) and 2(c), we focus again on the nonlocal spin accumulation signals (∆V NL ) as a function of the interface voltage (V int ) at the FM/SC contact used in the same devices. Figure 3(a) shows the plot of ∆V NL versus V int for devices A and B, where two kinds of ∆V NL can be obtained by exchanging between the spin injector and detector for each device and V int stands for the bias voltage applied to the interface of the spin injector (FM1 or FM2) detected by the three-terminal current-voltage measurements, as shown in the inset figures. As references, we have also given the plot of ∆V NL versus spin injection current (I inj ) for devices A and B in Fig. S3 in the Supplemental material [46] . For V int < 0, i.e., spininjection conditions of electrons from FM to SC, almost all the positive ∆V NL increases with increasing |V int |. On the other hand, for V int > 0 (spin extraction condition), the enhancement in the negative ∆V NL values is markedly suppressed, and then, the ∆V NL values approach to zero at around V int = + 0.3 V. These asymmetric features with respect to V int = 0 V lead to the strong nonlinearities in the V int dependence of ∆V NL . Although similar nonlinearities in the nonlocal spin accumulation signals were already observed in CoFe/GaAs-LSVs [48] , the origin of the asymmetry in ∆V NL versus the bias voltage (V ) applied to the FM/SC interface in Ref. [48] was discussed based on the change in the spin-injection efficiency. However, the feature in Fig. 3(a) implies that the spin accumulation created in the spin-extraction condition (V int > 0) strongly affects the asymmetry in ∆V NL versus V int . Thus, we should reconsider the spin extraction efficiency (or the sensitivity of the spin detection) at the FM/SC interfaces, which has already been discussed [49] [50] [51] [52] .
In Fig. S4 in the Supplemental material [46] , we showed the V int dependence of ∆V NL for device C and device D, where device C was an LSV with CFAS contacts annealed at 300
• C and device D was an LSV with as-prepared CoFe contacts. Unlike Fig. 3(a) , the asymmetry with respect to V int = 0 V was small for each FM/SC contacts. Also, in Fig. S4 in the Supplemental material [46] , we could see no wave-like behavior in the V bias dependence of ∆V L for both devices C and D [see Supplemental material [46] ]. Here there was no influence of both the post annealing at 300
• C and the change in the FM contact from CFAS to CoFe on the extracted parameters such as λ N and the spin lifetime of the used SC layer (n-Ge) [53] . From these investigations, we can conclude that the V bias dependence of ∆V L is affected by the asymmetry of the spin injection/detection efficiencies at the FM/SC contacts in FM-SC hybrid systems. This interpretation is completely different from the previous ones on the basis of spin-drift effect induced by the electric-field to the SC channel layers [25, 27] .
D. Estimation of the interface spin polarization
When two-terminal local measurements in FM-SC-FM LSVs are considered, the value of V bias shown in Fig.  2(c) is related to the both V int values at the spin injector and the spin detector in addition to the bias voltage applied to the SC channel layer (V SC ). Because the V SC value is sufficiently small compared to V int values in our devices, we can roughly regard V bias as the sum of the V int values at the spin injector and the spin detector; if V bias > 0 in a two-terminal local measurement in the FM1-SC-FM2 device, we should take the spin polarizations of the FM1/SC and FM2/SC interfaces at V int (> 0) in a spin extraction condition and at V int (< 0) in a spin injection condition, respectively. Because the Schottkytunnel contacts in our LSVs have almost no rectifying characteristics, as shown in our previous works [15, 17] , we can tentatively ignore the influence of the large rectification between the spin injection and spin extraction conditions. In this situation, we can roughly evaluate the spin polarization at the FM/SC contacts from ∆V NL in Fig. 3(a) .
When we regard the spin polarizations created from spin injector and spin detector contacts as P inj and P det , the correlation among ∆V NL , P inj , and P det is expressed as follows [1, 2] .
where ρ N and S are the resistivity (17.4 Ωµm) and the cross section area (device A : 0.35 µm 2 , device B : 0.49 µm 2 ) of the SC layer. The value of λ N has already been clarified to be 0.56 µm at 8 K [15] . When the FM1/SC contact was used as a spin injector in the nonlocal voltage measurements, the value of P inj can change with increasing V int . On the other hand, the spin polarization of the non-biased contact (FM2/SC), P det , can be regarded as a constant value. Only at low V int conditions, we can roughly consider that the assumption of |P inj | = |P det | is valid, leading to the values of P det = 0.25 for device A and 0.11 for device B, respectively. Using these P det values and the above parameters, we can estimate the value of P inj for various I inj , which can be converted to V int . As consequences, the plots of the estimated P inj versus V int for the FM1/SC and FM2/SC contacts in devices A and B are presented in Fig. 3(b) . With increasing |V int |, the P inj value is decreased, and the decrease in P inj at V int > 0 (spin extraction condition) is slightly larger than that at V int < 0 (spin injection condition). Note that the negative spin polarization created by the FM1/SC and FM2/SC contacts can be seen at V int ∼ + 0.3 V.
Regarding the above P inj values separately estimated for FM1 and FM2 as γ 1 and γ 2 of the FM1/SC and FM2/SC interfaces, we can also discuss the local spin accumulation voltage ∆V L in the FM1-SC-FM2 LSVs by using Eq. (1). Here β = 1 was used for FM1 and FM2 because the CFAS Heusler alloy was expected to be a half-metal [43, 44] . Even if we use β = 1, βr F can be sufficiently smaller than γ 1 r * b and γ 2 r * b in this study. Also, r N (= ρ N × λ N ) = 9.74 Ωµm 2 . In the local measurement conditions, the r * b values are varied within the range of 70 Ωµm 2 ≤ r * b ≤ 470 Ωµm 2 . In this condition, we can roughly consider the relation, ∆V L ∝ γ 1 γ 2 I. As mentioned before, when we assume that V bias > 0 (< 0) in the local measurement consists of V int in a spin extraction (in a spin injection) for the FM1/SC contact and V int in a spin injection (in a spin extraction) for the FM2/SC contact, we can calculate γ 1 γ 2 I as a function of V bias from Eq. (1), as shown in Fig. 3(c) , for devices A and B. For example, as V bias = +0.16 V in device B, the bias current of I = +0.5 mA flows in the FM1-SC-FM2 structure. In this condition, we can determine that the values of V int (extraction) for the FM1/SC contact and of V int (injection) for the FM2/SC contact are +0.11 V and −0.033 V, respectively. At these V int values, we can assign γ 1 and γ 2 to 0.028 and 0.042, respectively, resulting in γ 1 γ 2 I ∼ 0.00115. The maximum value of |γ 1 γ 2 I| was 0.00249 at V bias = −0.17 V for device B. In Fig. 3(c) , the normalized values of γ 1 γ 2 I are plotted, together with the data in Fig. 2(c) . As a result, the wave-like nonmonotonic behavior can qualitatively be reproduced only by considering the change in the γ 1 and γ 2 values with increasing V int for both devices A and B. Thus, a predominant origin of the wave-like nonmonotonic behavior in Fig. 2(c) is the presence of the asymmetric V int dependence of γ 1 and γ 2 in the FM1-SC-FM2 LSVs.
IV. DISCUSSION Figure 4 shows schematic diagrams of the possible spatial distribution of the spin-dependent chemical potentials (µ ↑ , µ ↓ ) in the SC layer, together with that in the FM/SC interface in the parallel and anti-parallel states under two-terminal local measurements. The following is one of the possible situations of the spin accumulation in the SC layer. In Fig. 4(a) , as the magnetization state is switched from the parallel state to the anti-parallel one, the sign of the created spin accumulation near the spin detector (FM1/SC) is inverted, resulting in the change in the spatial distribution of the spin-dependent chemical potential in the SC layer. The spatial distribution illustrated in Fig. 4(a) is dominant in low V bias region for our LSVs. With increasing V bias [ Fig. 4(b) ], the spin extraction efficiency becomes markedly small due to the reduction in γ 1 at the FM1/SC detector interface. Thus, the spin accumulation created near the spin injector (FM2/SC) interface decays exponentially from the spin injector side toward the detector one as shown in Fig. 4(b) . Because the spin extraction efficiency is negligibly small, the spin accumulation in the SC layer cannot be detected, leading to ∆V L ∼ 0 even at a finite V bias . In high V bias region [ Fig. 4(c) ], the spin extraction efficiency at the FM1/SC detector interface recovers with a sign reversal of γ 1 . As a result, even in the parallel state, the spatial distribution of the spin-dependent chemical potential created in the SC layer is similar to that in the anti-parallel state shown in Fig. 4(a) . After the switching of the magnetization state from the parallel to the anti-parallel, that becomes like the parallel state shown in Fig. 4(a) . These phenomena mean that it is very important for the two-terminal spin-accumulation signals in FM-SC-FM LSVs to understand the spin extraction efficiency (or the sensitivity of the spin detection) at the FM/SC detector interface [49] [50] [51] [52] and to utilize a low V bias region. By comparing device A (B) in Fig. 3 (a) and device C in Fig. S4 in the Supplemental material [46] , there is a large difference in the V int dependence of ∆V NL . When we checked the interface quality of the FM/SC contacts by using high angle annular dark field scanning transmission electron microscopy imaging, the degradation of the contact quality was clarified after the annealing [53] . This implies that the sign inversion of γ in our LSVs depends on the FM/SC interface quality at least. However, it should be noted that the V bias dependence of ∆V NL in device C is almost the same as that in device D with CoFe contacts, as shown in Fig. S5 in the Supplemental material [46] . This means that the sign inversion of γ depends not only on the interface quality but also on the spin-injector/detector FM material. Since the tunnel probability of electrons through the FM/SC interface depends on the density of states of the FM material [54] , we should generally consider the FM material used as the spin-injector and detector.
Because we could not observe room-temperature local spin signals for devices A and B, we fabricated device E with smaller d (d = 0.35 µm, RA ∼ 100 Ωµm 2 ). Figure 5 shows ∆V L as a function of V bias up to room temperature for device E. As shown in the inset of Fig. 5 , we can evidently see the two-terminal local magnetoresistance in a FM-SC-FM hybrid system with FM/SC Schottky tunnel contacts even at room temperature (296 K). Note that similar behavior shown in Fig. 2(b) can be observed from 150 to 296 K, indicating the reproducibility of the nonmonotonic bias dependence of spin accumulation up to room temperature. In high V bias regions (V bias > 0.25 V, V bias < −0.45 V), |∆V L | becomes smaller than those in low V bias regions. From the behavior shown in Fig.  5 , together with Figs. 2(c), 3(a), and 3(b) , the influence of the high V bias on the ∆V L is extremely large. For obtaining large |∆V L | in FM-SC hybrid systems at room temperature, it is pretty important to simultaneously use a low V bias condition and highly efficient spin injector and detector.
V. CONCLUSION
We experimentally found extraordinarily nonmonotonic response of the two-terminal spin signals, i.e., local spin-accumulation signals, in FM-SC-FM LSVs. With respect to the bias voltage applied between the two FM/SC contacts, the local spin accumulation signal showed the wave-like variation including the sign changes. These features were not reproduced for devices with the degraded contact interface quality. A possible mechanism was discussed by considering the asymmetric bias dependence of the spin polarization at the FM/SC interfaces. These behavior can be observed up to room temperature, meaning that it is pretty important for spintronic applications to simultaneously use a low V bias condition and highly efficient spin injector and detector in FM-SC-FM hybrid systems. 
Supplemental Material
Fabrication of LSV devices with FM/SC Schottky tunnel contacts
We have already developed fabrication processes of Ge-based LSV devices with epitaxial FM/SC Schottky tunnel contacts. The detailed process flows were schematically illustrated in Fig. S1 , where the detailed thickness, growth temperature, and etc. were described. The comments of the processes are itemized as follows. and EB evaporation.
As a result, because of the completely covered by the 100-nm-thick SiO 2 insulating layer, the FM1 and FM2 electrodes were just connected to the Ge spin-transport layer (P-doped n + -Ge) with the area of the FM1 and FM2 electrodes, as shown in Fig. 1 . Thus, there is no leakage current from the large Au/Ti contact pads to the n + -Ge spin-transport layer in all the measurements presented in this manuscript.
Hanle-effect measurements
In the nonlocal and local measurement setups shown in Fig. 1(a) , we applied out-of-plane magnetic field (B z ) to the LSV (device B) under the parallel and antiparallel magnetization configurations to record ∆R NL and ∆R L as functions of B z . In Figs. S2(a) and S2(b) we see evident Hanle-type spin precession curves, indicating the generation, manipulation, and detection of spin currents in the n-Ge layer by all electrical means, in the nonlocal and local measurements, respectively. These data are evidence for the reliable spin transport in the used semiconductor, demonstrated by electrical spin injection and detection. [1, 2] Bias-current dependence of nonlocal spin signals To provide another information on the nonmonotonic change in the nonlocal spin transport signals, we give the plot of nonlocal voltage (∆V NL ) versus I inj for devices A and B in Fig. S3 . Similar nonlinialities to those in Fig.  3(a) can be observed. From Eq. (2), ∆V NL is originally proportional to I inj . However, the observed behavior in Fig. S3 are also not related to I inj . Thus, we focus on the plot of ∆V NL versus V int , as shown in Fig. 3(a) .
Bias-voltage dependence of spin signals for other LSVs
We measured ∆V NL for device C and device D as functions of the interface voltage (V int ) at the FM/SC contacts. Device C is a CFAS/n-Ge LSV annealed at 300 • C for 10 minutes under a N 2 atmosphere and device D is a CoFe/n-Ge LSV. For device C, the size of the FM contacts and the edge-to-edge distances between the contacts (d) are the same as ones for device B. For device D, we used a low-temperature molecular beam epitaxy technique [3, 4] to grow a ferromagnetic CoFe layer as a reference spin injector/detector. The size of the two different CoFe/n-Ge contacts are 0.4 × 10 µm 2 and 1.0 × 10 µm 2 , and d is designed to be 0.4 µm. Note that we checked that current density-voltage characteristics for each FM/n + -Ge contact in devices C and D are almost equivalent to ones for device A and device B (not shown here). Figure S4 shows the plot of ∆V NL versus V int for devices C and D, where ∆V NL can be detected by exchanging the spin injector and detector for each device. As shown in the inset of Fig. 3(a) , the V int value stands for the bias voltage applied to the interface of the spin injector (FM1 or FM2) in the three-terminal current-voltage measurements. The open or closed symbols denote the data using FM1 or FM2, respectively, as a spin injector. Because of the degraded interface quality and/or relatively low spin polarization, the observed nonlocal spin signals for devices C and D were much smaller than those for devices A and B. Unlike Fig. 3(a) , the asymmetry with respect to V int is relatively small and there is no sign inversion of ∆V NL . We also verified the V bias dependence of local spin signals (∆V L ) for device C and device D, where V bias is the bias-voltage between the two FM contacts. Figure S5(a) shows ∆V L as a function of B y for device C for various V bias at 8 K. We cannot see the sign change in ∆V L in the same V bias polarity in contrast to the trend of Fig. 2(a) . Figure S5 (b) displays ∆V L as a function of V bias for devices C and D. Unlike Fig. 2(c) , the wave-like nonlinear behavior was not observed for both devices. 
